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During eye development, retinal pigmented epithelium (RPE) and neural retina (NR) arise from a common origin, the optic
vesicle. One of the early distinctions of RPE from NR is the reduced mitotic activity of the RPE. Growth arrest specific gene 1
(Gas1) has been documented to inhibit cell cycle progression in vitro (G. Del Sal et al., 1992, Cell 70, 595–607). We show here
that the expression pattern of Gas1 in the eye supports its negative role in RPE proliferation. To test this hypothesis, we generated
a mouse carrying a targeted mutation in the Gas1 locus. Gas1 mutant mice have microphthalmia. Histological examination
revealed that the remnant mutant eyes are ingressed from the surface with minimal RPE and lens, and disorganized eyelid,
cornea, and NR. Analysis of the Gas1 mutant indicates that there is overproliferation of the outer layer of optic cup (E10.5)
immediately after the initial specification of the RPE. This defect is specific to the ventral region of the RPE. Using molecular
markers for RPE (Mi and Tyrp2) and NR (Math5), we demonstrate that there is a gradual loss of Mi and Tyrp2 expression and an
appearance of Math5 expression in the mutant ventral RPE region, indicating that this domain becomes respecified to NR. This
“ectopic” NR develops as a mirror image of the normal NR and is entirely of ventral identity. Our data not only support Gas1’s
function in regulating cell proliferation, but also uncover an unexpected regional-specific cell fate change associated with
dysregulated growth. Furthermore, we provide evidence that the dorsal and ventral RPEs are maintained by distinct genetic
components. © 2001 Academic Press
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The vertebrate eye originates from primordial tissues
derived from the wall of the diencephalon, the overlying
surface ectoderm, and migrating neural crest cells. An early
event in eye development is the evagination of the anterior
neural plate to form the optic vesicles. The optic vesicles
approach the surface ectoderm and induce lens formation.
The tissue that connects the optic vesicle and the dien-
cephalon is called the optic stalk. The optic vesicle forms
the bilayered optic cup of which the inner layer gives rise to
neural retina (NR), while the outer layer gives rise to retinal
pigmented epithelium (RPE). The junctions where the de-
veloping NR and RPE meet become the iris and ciliary
body, the latter of which contains stem cells for NR and
1 To whom correspondence should be addressed at Department
of Embryology, Carnegie Institution of Washington, 115 West
University Parkway, Baltimore, MD 21210. Fax: 410-243-6311.
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All rights of reproduction in any form reserved.PE (Tropepe et al., 2000). The normal spherical expansion
f the eye depends on aqueous humor production by the
iliary body that increases intraocular volume and pressure
Coulombre and Coulombre, 1965). After the decision to
ecome NR, these cells continue to proliferate and generate
uller glia and several neural cell types including ganglion
ells. The axons of the ganglions project along the optic
talk and connect with the visual centers of the brain
ccording to a two-dimensional topographic map for proper
isual presentation (reviewed by Graw, 1996; Jean et al.,
998).
NR and RPE are derived from a common origin (reviewed
y Graw, 1996; Jean et al., 1998), but they show an early
divergence of fate, which is evident by the expression of a
number of markers (Guillemot and Cepko, 1992). For ex-
ample, as the NR differentiates, it expresses several bHLH
(basic helix-loop-helix) transcription factors including
Math5, which is specific to proneural cells (Brown et al.,
1998). As the RPE differentiates, it expresses markers such
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18 Lee, May, and Fanas microphthalmia (Mi), which also encodes a bHLH tran-
cription factor (Hodgkinson et al., 1993), and Tyrosinase
elated protein 2 (Tyrp2) (Steel et al., 1992). The differences
between these two cell types are also manifested in mor-
phology, as the NR is more proliferative and becomes
pseudostratified, while the RPE is less mitotically active
and remains a single cell layer epithelium (Robinson, 1991).
The signal(s) that patterns the NR is localized to the
overlying ectoderm and is likely a fibroblast growth fac-
tor(s) [FGF(s)] (DeIongh and McAvoy, 1993; Pittack et al.,
1997; Hyer et al., 1998), in particular, FGF-8 (Vogel-Kopker
FIG. 1. Gas1 is expressed in the embryonic mouse eye. (A) A dra
(1996). Whole-mount in situ hybridization using DIG-labeled Gas1
10.5 (E) embryos (lateral view). Enlarged images of the eyes at E9.
f mouse embryonic eyes of various stages were hybridized with [35S
esicle (future RPE domain) at E9.5. (G) At E10.5, Gas1 transcripts a
n the RPE, cornea, and presumptive ciliary body at E12.5 (H
ark-field/red-filter image and a phase-contrast image except for
ctoderm; di, diencephalon; ov, optic vesicle; lp, lens pit, os, optic st
np, anterior neural plate; e, eye; pcb, presumptive ciliary body; c,et al., 2000). On the other hand, the extraocular mesen- t
Copyright © 2001 by Academic Press. All rightchyme can program the RPE (Stroeva, 1960; Buse and De
Groot, 1991) and this effect is likely mediated by an
activin-related molecule(s) (Fuhrmann et al., 2000).
Although the RPE is specified early, it is plastic even after
ifferentiation. For example, mutations in the Mi gene have
een documented to cause the fate change of RPE to NR
Scholtz and Chan, 1987; Fuji and Wakasugi, 1993; Mochii
t al., 1998a,b; Bumsted and Barnstable, 2000). Analyses of
he mi mutants indicate that the gene is only required to
aintain but not initiate the RPE fate throughout develop-
ent (reviewed by Moore, 1995). There is also evidence that
of mouse eye development at E9.5, E10.0, and E12.0 from Graw
.5 (B, ventral–frontal view), E8.5 (C, dorsal view), and E9.5 (D) and
and E10.5 (E) are shown in the lower left corner. Coronal sections
-labeled Gas1 (Figs. 1F–1I). (F) Gas1 is expressed in the dorsal optic
sent in the surface ectoderm, lens, NR, and RPE. Gas1 is expressed
d E14.5 (I). Photographs were taken as double exposures of a
which is a dark-field/red-filter image. Abbreviations: se, surface
, lens vesicle; nr, neural retina; RPE, retinal pigmented epithelium;
ea; el, eyelids; H&E, hematoxylin and eosin. Scale bars: 100 mm.wing
of E7
5 (D)
]UTP
re pre
) an
(H),
alk; lhe retinoic acid receptors (RAR) participate in RPE main-
s of reproduction in any form reserved.
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19Transdifferentiation of the Ventral RPEtenance (Kastner et al., 1994; Lohnes et al., 1994). In
ddition, FGF (Park and Hollenberg, 1991; Pittack et al.,
991; Guillemot and Cepko, 1992; Eguchi and Kodama,
993; Agata et al., 1993) and NR injury (Coulombre and
oulombre, 1965) can induce differentiated RPE to change
ate. Upon these treatments, the RPE cells lose epithelial
olarity and RPE-marker expression. They then express
eural markers and differentiate into neural retina cell
ypes, and this process is accompanied by extensive prolif-
ration.
We describe here that the development of RPE requires a
egional-specific function of Growth arrest specific gene 1
Gas1). Gas1 was originally cloned as one of a group of
nriched cDNAs in serum-starved NIH3T3 cells (Schneider
t al., 1988). Due to its ability to negatively regulate the
rowth of untransformed and transformed cell lines by
verexpression, Gas1 has been suggested to be a tumor
uppressor gene (Del Sal et al., 1992). Consistent with its
ell autonomous function in this assay, GAS1 is a GPI-
nchored membrane protein (C. S. Lee and C.-M. Fan,
npublished data) of 45KD but contains no clear homology
o known functional motifs. Although its ectopic function
as been assessed in vitro, its normal function in the
ontext of mouse development has never been established.
o address whether Gas1 indeed participates in regulating
rowth in vivo, we have generated mice carrying a null
utation of Gas1 using the homologous recombination/
ene targeting approach. Surprisingly, mice homozygous for
his mutation are viable at birth and exhibit no general
vergrowth phenotype. The primary observable defect of
he mutant is an eye abnormality. Here, we document
as1’s temporal and spatial expression pattern in the eye
nd describe the eye defects due to the loss of Gas1
unction. Our data not only provide insights into eye
evelopment but also suggest that the growth arrest func-
ion of Gas1 is a tissue-restricted function during develop-
ent rather than a general one, as suggested by in vitro
tudies.
MATERIALS AND METHODS
Generation of mutant Gas1 mice. R1 ES cells were kindly
provided by Drs. Nagy and Rossant. The targeting construct and
the 59 and 39 probes are depicted in Fig. 2. DNA (20 mg) was
linearized by NotI and electroporated into 0.8 3 107 ES cells.
Following G418 and Gancyclovir selection, four recombination
positives were identified in 192 clones by Southern analysis (Was-
serman and DePhamphilis, 1996). Three nonaneuploid ES cell
clones were used to generate chimeras with C57/BL6 blastocysts.
Clones A3 and C5 produced germline transmitting animals. The
mutant allele is maintained in the 129/C57BL6 mixed background.
Genotyping by Southern, PCR, and Western. For Southern
blot analysis, a 59 probe was amplified from nucleotides 1338 to
1633 with these two primers: 59primer, 59-CTTAAATCTTGTTG-
GAAATGCAG-39; 39primer, 59-GAGCTCCAGGCCACTTGCTT
TGA-39. This probe hybridizes to a 12-kb BglII fragment of the
wild-type Gas1 allele and to a 9-kb BglII fragment of the Gas1 t
Copyright © 2001 by Academic Press. All rightmutant allele. A 39 probe which hybridizes to a 15-kb SphI
fragment of the wild-type allele and to a 13.5-kb SphI fragment of
the mutant allele was generated by XhoI and EcoRI digest. For PCR
genotyping, two sets of primers were used. The first set amplifies
the neo gene and detects the mutant allele. The second set
amplifies a 350-bp fragment of the wild-type Gas1 allele that is
deleted in the mutant. The sequences of the primers are as follows:
neo: 59primer, 59-CTCGGCAGGAGCAAGGTGAGATG-39; 39
primer, 59-GTCAAGACCGACCTGTCCGG TGC-39; Gas1: 59
primer, 59-ATCTCGGCGCTTATCCAGCTCAAC-39; 39primer,
59-CATCGCACACGCAGTCGTTGAGCA-39. The PCR reaction
is performed at 95o for 30 s, 33 cycles of 94o for 30 s, 62o for 45 s, 72o
for 1 min, and 72o for 10 min using Taq polymerase. For Western
blot analysis, proteins were extracted from E11.5 embryos with
RIPA buffer (50mM NaCl, 25mM Tris–HCl, pH 7.5, 0.5% Nonidet
P-40, 0.5% sodium deoxycholate, and 0.1% SDS), loaded on two
10% SDS–PAGE gel, and transferred to nitrocellulose filters. The
filters were blocked in 10% heat-inactivated horse serum, and
incubated overnight at 4o in 1/2000 affinity-purified rabbit anti-
GAS1 polyclonal antibody (Ab) or in 1/1000 monoclonal Anti-
gamma-tubulin for internal control (Sigma). The filters were incu-
bated for 30 min at RT in 1/1000 AP-conjugated goat anti-rabbit Ab
or AP-conjugated anti-mouse Ab (Roche) followed by color devel-
opment using NBT/BCIP.
Histology. Embryos were fixed in Carnoy’s fixative, processed
through a series of ethanol and toluene and embedded in paraffin,
sectioned at 8 mm, and stained with hematoxylin (Surgipath).
RNA in situ hybridization. Vaginal plugs were checked and
designated as embryonic day (E) 0.5. In situ hybridization on whole
embryo and paraffin sections (8 mm) were performed using DIG-
UTP and [35S]UTP-labeled antisense probes, respectively (Frohman
et al., 1990; Wilkinson and Nieto, 1993). Slides were coated with
autoradiography emulsion NTB-2 (Kodak), developed after 1–2
weeks, stained with hematoxylin (Surgipath), and mounted in
Harleco Synthetic Resin. Photos were taken as overlaid images of
phase with blue filter and dark-field illumination with red filter.
RNA probes used were Gas1, Math5 (gift from T. Glaser), Msx1
gift from R. Hill), Pax2, Pax6 (gift from P. Gruss), Mi (gift from H.
rnheiter), Tbx5 (gift from C. Seidman), Vax2 (gift from C. Cepko),
and Tyrp2 (Steel et al., 1992).
BrdU labeling and analysis. Pregnant mice were given a single
intraperitoneal injection of 5-bromo-29-deoxyuridine (BrdU, Sigma;
5 mg/100 g body wt). Embryos were collected after 1 h and fixed in
Carnoy’s fixative. BrdU incorporation was detected immunohisto-
chemically in 8-mm paraffin sections (Zymed). Three sections from
the central region of each eye were counted and totaled. At least
three control eyes and Gas12/2 eyes were used to calculate the
mean of BrdU-positive cell number and standard deviation. The
proliferation index is the average percentage of BrdU-positive cells
divided by total cells in the presumptive RPE.
RESULTS
Gas1 Is Expressed in the Developing Eye
To investigate the involvement of Gas1 during mouse
eye development, we examined its expression between
embryonic day 7.5 and 14.5 (E7.5 and E14.5). A schema of
eye development from E9.5 to E12.0 is illustrated in Fig. 1A
(taken from Graw, 1996). Whole-mount in situ hybridiza-
ion using a DIG-labeled antisense probe showed that Gas1
s of reproduction in any form reserved.
T20 Lee, May, and FanFIG. 2. Gas1 mutant mice were created by homologous recombination: 129sv genomic DNA was used to construct the targeting vector.
he genomic structure (top), the targeting construct (middle), and the recombined Gas1 locus (bottom) are diagrammed in (A). The flag
indicates the transcription start site of Gas1 and points to the direction of transcription. White boxes, the 59 and the 39 UTR; black box,
the coding region; PGK-neo (thin gray box), neo selection marker controlled by the PGK promoter parallel to Gas1 transcription direction;
PGK-tk, thymidine kinase gene driven by PGK promoter (in reverse orientation to Gas1 transcription) for gancyclovir-negative selection
(thin white box). The 59 and 39 probes and PCR primers for genotyping are shown as black bars and arrowheads (black for Gas1 and gray
for neo), respectively. R, EcoRI; N, NotI; B, BamHI; Bg, BglII; P, PvuII; S, SphI; X, XhoI. (B) Genomic Southern using the 59 and 39 probes.
One kilobase pair ladder markers (in kb) are labeled on the left. The intervals between the black lines are 1 kb. Genomic DNA was digested
with BglII (Bg) and SphI (S), resolved on 0.7% gel, transferred to Hybond-N1, and probed with 59 and 39 probes, respectively. The sizes of
the wild-type (12 kb for 59 probe; 15 kb for 39 probe) and mutant bands (9 kb for 59 probe; 13.5 kb for 39 probe) are labeled on the left. 1/1,
wildtype; 1/2 heterozygote; 2/ 2, mutant. (C) PCR genotyping using the primers in A. PCR products were resolved on a 2.5% agarose gel.
The corresponding neo (189 bp) and Gas1 (350 bp) bands are labeled on the left. On the left are 123 bp ladders (in bp). (D) Western analysis.
Equal amounts of extract from 1/1, 1/2, and 2/ 2 E11.5 forelimbs were loaded onto each lane as indicated by the g-tubulin control
(bottom). Rabbit anti-GAS1 was used to detect GAS1, followed by AP goat anti-rabbit Ab and color development using the BCIP/NBT
substrate. Molecular weight markers are on the left (in KD).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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21Transdifferentiation of the Ventral RPEis expressed generally in the alar region of the anterior
neural plate and the adjacent surface ectoderm at E7.5 and
E8.5, with no specific expression in the optic pit (Figs. 1B
and 1C). As the optic vesicles approach the surface ecto-
derm at E8.75, Gas1 expression is detected in the dorsal tip
of the vesicle (not shown). This dorsal expression of Gas1
persists at E9.5 (Fig. 1D). At E10.5, Gas1 expression is
expanded more ventrally in the optic cup (Fig. 1E). Note
that Gas1 is also expressed in the dorsal neural tube,
somite, limb, and dorsal telencephalon (Figs. 1B–1E).
To assess Gas1 expression in more detail with the aid of
histology, we employed [35S]UTP in situ hybridization on
ections of E9.5, E10.5, E12.5, and E14.5 eyes (Figs. 1F–1I).
n addition to the dorsal optic cup expression detected by
hole mount, Gas1 expression is also detected in the
djacent surface ectoderm and mesenchyme at E9.5 (Fig.
F). At E10.5, Gas1 expression is detected in the entire optic
up with high levels in the surface ectoderm, presumptive
PE, and the junction between the RPE and NR. It is also
xpressed in the NR, the lens, and the mesenchyme, but at
reduced level in the central NR and the posterior part of
he lens vesicle (Fig. 1G). At E12.5, Gas1 becomes restricted
o the presumptive ciliary body, the RPE, and the mesen-
hyme surrounding the eye (Fig. 1H). At E14.5, Gas1
ontinues to be expressed in the presumptive ciliary body/
ris, RPE, and in the mesenchyme surrounding the eye,
hich is thought to give rise to cornea, eyelids, and possibly
clera (review in Jean et al., 1998). These documented Gas1
xpression patterns provide us with a framework to inves-
igate its function during eye development.
Gas1 Mutant Mice Do Not Display a General
Overgrowth Phenotype
To study the function of Gas1, we disrupted the Gas1
ene by homologous recombination in the mouse. In the
argeting vector, the entire coding region of Gas1 was
eplaced by a PGK-neo cassette (Fig. 2A). Germline trans-
itting chimeras were generated from two homologously
ecombined ES clones. Heterozygous animals were mated
o obtain E11.5 wild-type, heterozygote, and homozygote
NA and protein samples. Southern blot analysis using 59
nd 39 probes of Gas1 shows that the coding region of Gas1
s indeed deleted in the mutant allele (Fig. 2B). We have
urther confirmed that this is a null allele by PCR and
estern blot analysis (Figs. 2C and 2D). Consistent with
his, in situ hybridization did not detect Gas1 transcripts in
the mutant embryo (data not shown).
Newborn Gas1 mutants of the 129sv/C57BL6 mixed
background were obtained at a frequency close to the
Mendelian ratio [26.4%(1/1): 50.5% (1/2): 23.1% (2/2),
from 91 newborns], indicating no embryonic lethality. Most
mutants die within 3 days of birth with very few living up
to 3 weeks. The cause of lethality is not presently known.
Gas1 transcript is detected broadly in many organs at birth
(e.g., brain, kidney, spleen, heart, etc., by Northern analysis;
Copyright © 2001 by Academic Press. All rightnot shown), but gross and histological examinations did not
reveal any obvious overgrowth of body structures and
internal organs that might cause lethality. Detailed histo-
logical analysis of the newborn brain failed to identify
defects in growth (by BrdU incorporation), size, or structure
that may contribute to death (not shown). Thus, in contrast
to the overexpression studies, Gas1 does not play an essen-
tial role in inhibiting cell proliferation in all the places that
it is expressed during normal development.
Gas1 Mutant Mice Have Eye Defects
The only visible phenotype associated with the newborn
mutants, but not the wild-type and heterozygous siblings
(referred to as controls from hereon), is their defective eyes
(Figs. 3A9 and 3B9). This phenotype is consistently observed
in various genetic backgrounds tested (129sv, C57/BL6, and
CD1). Histological examination indicates that the mutant
eyes are small with disorganized NR, contain minimal or
no structures resembling RPE and lens, and are buried deep
in the socket (Fig. 3B9). The eye defects of the Gas1 mutant
can be seen at a gross level as early as E11.5 (Fig. 3C9). At
this stage, the RPE first becomes pigmented, but there is an
absence of pigment-containing cells in the ventral region of
the mutant retina compared to the controls (Figs. 3C and
3C9). The eye defect is persistent at E12.5 and E14.5 (Figs.
3E, 3E9, 3G, and 3G9), as follows: (1) The optic fissure fails
to fuse at E12.5, resulting in a ventral defect called
coloboma (Figs. 3E9 and 3G9); (2) The ventral region lacks
pigmented cells (Figs. 3E9 and 3G9); (3) The mutant eyes tilt
ventrally and the eyelids are positioned closer together than
those of the controls (Fig. 3G9). The mutant lens is smaller,
detached from the ventral NR, and ingressed from the
surface at these stages (Figs. 3D9, 3F9, and 3H9). The cornea
is smaller and thicker; there is no anterior chamber, and the
vitreous humor is absent (Fig. 3H9). The lack of vitreous
humor may explain the failure of the lens to expand and its
eventual degeneration (Lovicu et al., 1995). After P5, spe-
cific eye structures are difficult to discern.
Although the disorganized mutant NR contains a mini-
mal ganglion layer (assessed by the existence of L1 staining
at E18.5, not shown), we cannot discern optic nerves from
E14.5 onward. Consistently, we did not observe an optic
track underneath the hypothalamus in the mutant brain
(not shown). We have attempted to analyze terminally
differentiated cell types in the NR by marker analyses.
However, some of these cells only complete their differen-
tiation 2 weeks after birth. The perinatal lethality, the
disorganized folding of the degenerating NR, and their
variable degrees of degeneration preclude us from obtaining
consistent results and meaningful conclusions from these
studies. Importantly, subsequent analyses (see below) indi-
cate that the primary defects arise early and the defects
described above are likely secondary consequences of
coloboma.
Strikingly, the ventral but not the dorsal NR of the
mutant appears to curve outward and become multilayered,
s of reproduction in any form reserved.
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22 Lee, May, and Fanand the structural ciliary body/iris is not formed ventrally
(arrowheads in Figs. 3D9, 3F9, and 3H9). Although these
abnormalities may arise from an early proximal–distal
polarity defect, examination of the proximal marker Pax2
and the distal marker Pax6 (Walther and Gruss, 1991;
acdonald et al., 1995; Torres et al., 1996) revealed that the
roximal–distal axis of the mutant eye is established (not
hown). We next examined whether the ventral defect
esults from an overproliferation of the NR or a cell fate
FIG. 3. The Gas1 mutant has eye defects. The defects could be
sections. Pigmentation can be seen in the lateral view of P3 control e
organized structure (C), whereas a rudimentary eye that consists of
the closure of the choroid fissure, pigmentation is seen in the contro
of the mutant eye (arrowhead). RPE pigmentation is detected in cor
only dorsally in the Gas1 mutant eye (E9). Tissue that resembles N
fusion of the choroid fissure, lateral views of E12.5 (F) and E14.5
missing in the ventral domain of the E12.5 (F9) and E14.5 (H9) Gas
closer together than in controls (G9; red arrowheads). Coronal s
pigmentation is present in the entire eye, but is missing in the vent
instead (F9 and H9; arrowheads). In addition to defects in the ventral
yelids are closer to each other, and the eye is rotated ventrally (Hhange of the RPE. (
Copyright © 2001 by Academic Press. All rightGas1 mutant eyes show increased cell proliferation in
he presumptive ventral RPE. Gas1 expression was
hown to be associated with growth arrest in NIH3T3 cells
Del Sal et al., 1992). To address whether the lack of Gas1
unction affects proliferation of the presumptive NR, RPE,
nd ciliary body, we assessed cell proliferation in the eyes of
9.5–E11.5 embryos by bromodeoxyuridine incorporation.
t E9.5, there is no detectable difference in the number of
rdU1 cells between the control and mutant optic vesicles
ved by the unaided eye and were assessed further by histological
, B), but not in the Gas1 mutant eye (A9, B9). The control eye shows
NR-like structures is seen in the mutant (C9). (D) At E11.5, before
bryo eye. (D9) There is a lack of pigmentation in the ventral domain
sections of the E11.5 control eye both dorsally and ventrally (E) but
observed in the ventral domain of the eye (E9; arrowhead). After
ontrol eyes show that pigmentation is present throughout, but is
tant eyes (black arrowheads). In E14.5 Gas1 mutants, eyelids are
ns of E12.5 (F) and E14.5 (H) control embryos also reveal that
omain of the mutant eye, where ectopic NR-like tissue is observed
, at E14.5, the cornea is thickened, little vitreous humor is present,
ale bars: 100 mm.obser
ye (A
only
l em
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(H) c
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ectio
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RPEFig. 4C and not shown). At E10.5, the control and mutant
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All righteyes display similar levels of BrdU incorporation through-
out the presumptive NR. Surprisingly, the control presump-
tive RPE displays a differential BrdU incorporation along
the dorsoventral axis with proliferating cells found in the
ventral but not the dorsal domain (Fig. 4A). This ventrally
localized proliferation domain within the mouse-presump-
tive RPE has not been previously reported.
The mutant-presumptive RPE shows a more dramatic dor-
soventral difference in proliferation. The mutant-presumptive
RPE is usually thickened (although variably so) on the ventral
side (Figs. 4A, 4A9, and also 5D9, 5E9). The ventral thickening
ometimes makes it difficult to pinpoint the precise junction
etween the NR and the presumptive RPE. We chose the
nner curvature (red arrowheads) as the junction because
arker analyses suggest that mutant RPE extends to this
oint (see Figs. 5D9 and 5E9). At E10.5, there are more BrdU1
cells in the mutant RPE (49.3 1 7.0, 2/2, n 5 3 vs 21.5 1 7.4,
on., n 5 4; Figs. 4A, 4A9, and 4C) and they are confined to the
entral region. At E11.5, the overall proliferation of the NR is
naffected (data not shown). The surrounding head mesen-
hyme and the brain also do not display BrdU-incorporation
ifferences in the mutant. However, the presumptive mutant
PE continues to incorporate BrdU (61.16 1 24.11, n 5 6; Fig.
B9), while the control RPE undergo differentiation and show
ittle BrdU incorporation (8.8 1 3.27, n 5 5; Figs. 4B and 4C).
hen the outer curvature was used as the ventral limit of the
utant RPE (black arrowhead), the BrdU-incorporation differ-
nce is less at E10.5 (31.2 1 6.4, 2/2 vs 21.5 1 7.4, con.) and
t E11.5 (35.8 1 10.2, 2/2 vs 8.8 1 3.27, con.). When the
roliferation indexes (BrdU1/total RPE cells) were compared,
he mutant ventral RPE region has increased proliferation
egardless of the junctions used for analysis. Thus, the loss of
as1 causes increased proliferation of the presumptive ventral
PE.
The Gas1 Mutant Fails to Maintain
the Ventral RPE Fate
The lack of pigmentation in the ventral eye of the mutant
suggests that in addition to an increase in proliferation,
these cells may also have a change of fate. To test this, we
used cell type-specific functional markers, Tyrp2 and Mi,
or the RPE (Steel et al., 1992; Hodgkinson et al., 1993),
sx1 for the presumptive ciliary body (Monaghan et al.,
991), and Math5 for the undifferentiated neurons of the
R (Brown et al., 1998). At E9.5, there was no discernable
ifference in marker expression between control and mu-
ant eyes. Tyrp2 is localized to the dorsal optic vesicle; Mi
s localized to both the dorsal and the ventral regions (Figs.
A, 5A9, 5B, and 5B9). At E10.5, the entire control presump-
ive RPE expresses high levels of Tyrp2, Mi (Figs. 5C and
D), and Gas1 (Fig. 1G). In contrast, the mutant presump-
ive RPE displays two distinct levels of expression: Mi and
yrp2 are expressed at a normal level in the dorsal domain,
ut are reduced in the ventral domain, which appears to
hicken slightly at this stage (Figs. 5C9 and 5D9, betweenFIG. 4. Differential BrdU incorporation is detected along the
dorsoventral axis of the prospective RPE. Proliferating activity of
control and Gas1 mutant eyes is assessed by in vivo BrdU
abeling (brown dots). (A) Coronal section of E10.5 control eye
eveals that BrdU-positive cells are detected in the ventral aspect
f the RPE (between arrowheads). (A9) Differential BrdU incor-
oration is also detected in the Gas1 mutant along its dorsoven-
ral axis; however, the ventral domain of the mutant RPE dis-
lays higher proliferative activity (between red arrowheads). (B)
n the E11.5 control eye, the ventral RPE has ceased proliferating
nd differentiated into pigmented RPE (between arrowheads).
B9) The ventral presumptive RPE region in the mutant contin-
es to proliferate (between red arrowheads). The black arrow-
eads indicate the inner curvature used as the ventral RPE limit
or quantification (gray in C). (C) BrdU-positive cells were
ounted in the ventral RPE of E9.5, E10.5, and E11.5 embryos.
hree sections of the central region (8 mm) of each eye were used
for counting and the numbers were averaged as one data point.
At least three mutants and controls were used for each counting.
Proliferation index 5 BrdU1/total RPE cells counted. The data
or the controls are the white bars; the data obtained by using the
uter curvature as the RPE’s ventral limit of the mutants are the
lack bars, and the data obtained by using the inner curvature
re gray bars. Error bars represent the standard deviation. Scalerrowheads). At E11.5, the mutant presumptive ventral RPE
s of reproduction in any form reserved.
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24 Lee, May, and Fandomain continues to thicken and expresses reduced levels
of Tyrp2 and does not become pigmented (Fig. 5E9) in
contrast to the control (Fig. 5E). Intriguingly, there are
subdomains that express different levels of Tyrp2: the more
NR-like and thicker the region, the less Tyrp2 expression
etected (Fig. 5E9). Although adopting the NR pseudostrati-
ed morphology, the ventral outer layer does not yet
xpress the proneural marker, Math5, as the inner NR does
t this stage (Fig. 5F9). The outer domain does adopt the NR
ate at E12.5, as seen by Math5 expression (Fig. 5G9). At
14.5, this ectopic NR continues to express Math5 (Fig.
H9) and other retinal markers (e.g., NeuroD, Mash1, Six3,
nd Ptc1, not shown).
At E15.5, the ganglion cell layer can be seen in the inner and
he outer NRs of the mutant (Figs. 6A9 and 6A0). The thick-
ess of the inner ganglion layer shows regional variation,
resumably due to random distortions of the NR. Importantly,
mall patches of differentiated ganglion cells (as indicated by
orphology) can be found in the outer NR. Consistently, we
ound patches of cells expressing high levels of Pax6 in the
uter NR as in the inner ganglion cells (Figs. 6B and 6B9). This
s further confirmed by the presence of Shh1 ganglion cells
(Wallace and Raff, 1999) in the outer NR (Figs. 6C and 6C9).
he positions of the inner and outer ganglion cells indicate
hat the ectopic NR has a mirror polarity of the inner NR.
GF-induced outer NR also has a mirror polarity of the inner
R (Park and Hollenberg, 1991). These results indicate that in
he Gas1 mutant, the RPE program is initiated but not
aintained in the ventral domain and these cells subse-
uently become respecified as NR and are capable of giving
ise to at least some ganglion cells.
Gas1 mutants also have no observable optic fissure and
talk after E14.5. Since Gas1 expression is not detected in
he stalk or the fissure and the stalk appears to form
nitially (E11.5–E13.5) in the mutant, these defects are
ikely to be secondary consequences resulting from the
entral RPE defect or the compromised function of ex-
raocular mesenchyme (see Discussion).
The Ectopic NR Is of Ventral Identity
Although the ventral RPE is respecified to NR in the
Gas1 mutant, it is not clear whether this ectopic NR adopts
he ventral fate, its own dorsoventral polarity, or no polarity
t all. This is a particularly interesting issue since these NR
ells arise late during development, while the polarity of
he NR is presumed to be determined at a stage equivalent
o E9.5 in the mouse (Koshiba-Takeuchi et al., 2000). To
determine the polarity of the mutant ectopic NR, we
employed a dorsal neural retinal marker, T-box transcrip-
tion factor 5 (Tbx5) and a ventral neural retinal homeobox
gene (Vax2) to monitor their fate (Schulte et al., 1999;
Bruneau et al., 1999; Koshiba-Takeuchi et al., 2000). We did
not find a difference in the expression patterns of Vax2 and
Tbx5 between mutant and control eyes at E10.5 (Figs. 7A,
7A9, 7D, and 7D9). This result is consistent with the above
analysis that the ventral RPE is not yet converted to NR at v
Copyright © 2001 by Academic Press. All rightthis stage and indicates that the NR polarity is not affected
in the mutant. Interestingly, at E12.5 (Figs. 7E and 7E9) and
E14.5 (Figs. 7F and 7F9), the mutant ectopic NR expresses
Vax2. Sections throughout the corresponding region do not
show any Tbx5 expression (Figs. 7B, 7B9, 7C, and 7C9).
hese results demonstrate that the ectopic NR is entirely of
entral identity.
DISCUSSION
Mutation in the Gas1 gene results in multiple eye abnor-
malities. Among the documented phenotypes, the most
striking changes are overproliferation and conversion of the
ventral RPE into NR. Our findings not only uncover a
previously unreported dorsoventral difference in the prolif-
erative activity of the normal presumptive RPE, but also
provide novel genetic evidence that Gas1 defines a program
that specifically controls ventral RPE proliferation and
differentiation.
Ventral RPE Transforms into NR in the Absence
of Gas1 Function
In the Gas1 mutant, the presumptive ventral RPE domain
is occupied by NR. We provide evidence that this is due to
a failure to maintain the ventral RPE fate. First, Mi expres-
sion is initiated in the presumptive RPE at E9.5. Second,
ventral Mi/Tyrp2 expression is downregulated at E10.5 and
lost at E12.5. Third, the ventral domain expresses NR
markers and gives rise to ganglion cells at E14.5. Since we
found no increased proliferation of the inner NR, nor
increased programmed cell death (by TUNEL assay, not
shown) in the ventral RPE, it is unlikely that these cells die
and become displaced by overproliferating inner NR. This is
also consistent with the fact that the inner NR is separated
from the outer NR by cells of undefined fate (i.e., they
express neither NR nor RPE markers). These results to-
gether support the fact that the Gas1 mutant ventral RPE is
respecified to NR.
There Is a Dorsoventral Difference in the
Proliferating Activity of the RPE
There is additional evidence that the mouse presumptive
RPE is divided into distinct domains along the dorsoventral
axis: in vivo BrdU-labeling at E10.5 clearly demarcates a
ormant dorsal domain and an active ventral domain of
roliferation within the presumptive RPE. In contrast, there
s a documented proliferative difference between the dorsal
nd ventral NR but not between the dorsal and ventral RPE
n the fish and frog (Holt, 1980). The proliferating ventral
PE domain may reflect a delayed commitment to differ-
ntiation relative to the dorsal domain and may also be
equired to produce sufficient RPE cells to organize the
entral junction with the optic fissure and stalk.
s of reproduction in any form reserved.
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Fate during RPE to NR Transition
The mutant ventral presumptive RPE displays elevated
proliferation at E10.5, at the time when it would normally
become specified as RPE, slows down in proliferation and
expresses Gas1. These results together strongly suggest that
as1 acts to reduce proliferation in the ventral RPE at this
crucial time point. This proposed in vivo function for Gas1
s supported by in vitro overexpression studies (Del Sal et
l., 1992; Evdokiou and Cowled, 1998). However, in con-
rast to the general roles of Gas1 in cultured cell lines, our
data provide evidence that Gas1’s growth inhibitory func-
tion is very restricted in an intact organism even though it
is expressed broadly. This insight leads to the speculation
that either there is a ventral RPE-specific component dic-
tating its function or there is a compensatory pathway for
Gas1 in other regions.
Tyrp2 is normally expressed in the presumptive RPE at
E9.5. In the mutant, we found that after onset Tyrp2
expression persists for two more days in the ventral RPE
and that its levels correlate inversely to the proliferative
activities of the affected regions. Furthermore, only after
Tyrp2 is nondetectable do we see the NR markers activated.
This sequence of changes suggests that the mutant RPE
does not immediately change fate to NR, which then leads
to proliferation. Rather, it is consistent with a gradual
fate-change event driven by the force of overproliferation
due to the absence of Gas1 function. Work describing the
disruption of cell cycle in Drosophila also leads to the
conclusion that dysregulated cell cycle accompanies spe-
cific CNS cell fate changes (Cui and Doe, 1995; Weigmann
FIG. 5. Gas1 mutant fails to maintain the ventral RPE. RPE mark
of ventral RPE fate in coronal sections. At E9.5, Mi is expressed in
and Gas1 mutant (A9) optic vesicles. At E9.5, Tyrp2 is expressed
mutant (B9) eyes. Both Mi (C) and Tyrp2 (D) are detected in the entir
of Mi (C9) and Tyrp2 (D9) at E10.5 is at a normal level in the dorsa
mutant eyes (between arrowheads). (E) At E11.5, Tyrp2 is expressed
at a normal level in the dorsal RPE, but downregulated in the ventr
RPE (between arrowheads). Domain 2 which is closer to the midl
midline. (F) At E11.5, Math5 is detected in the central region of NR
NR (between arrowheads). At E12.5 (G), and E14.5 (H), Math5 is
xpression of Math5 in the NR, Math5 is also detected in the ecto
re regions which are devoid of Math5 (arrows) and Tyrp2 express
nder dark field (E–H and E9–H9). Scale bars: 100 mm.
FIG. 6. Mutant ectopic NR has mirror image polarity of the norm
to determine the orientation of the mutant ectopic NR at E15.5. Tr
that the outer NR has a reverse orientation which contains postmit
cells) at the opposite positions. RPE, retinal pigmented epitheliu
magnification of (A9). The * indicates the axons of the ganglion cel
that is likely to be the axons of the mutant gc and gc-o. Note that t
gc, possibly due to their delayed or compromised development. (B)
(B9) Pax6 expression is detected in both inner NR and outer NR
hybridized with Shh probe to visualize the differentiated ganglion c
gives a false signal under dark field. Scale bar: 100 mm.
Copyright © 2001 by Academic Press. All rightand Lehner, 1995; reviewed by Edgar and Lehner, 1996). We
thus propose that the RPE to NR transition in the absence
of Gas1 is promoted by excessive proliferation.
Regional Transformation of RPE into NR
Many mutations have been documented to cause RPE to
NR transformation. For example, Mi (Hodgkinson et al.,
1993) and AP2a (West-Mays et al., 1999) mutants contain
R in the dorsal RPE domain. RARa/g (Lohnes et al., 1994)
mutant contains ectopic NR morphology mainly in the
dorsal domain. RXRa/RARa and RXRa/RARg mutants
Kastner et al., 1994), on the other hand, contain small
atches of NR-like structure in the ventral RPE region. In
hese compound mutants, the ectopic NR appears late (after
14.5) and differentiated RPE can still be found dorsally and
entrally. Thus, RPE is controlled by a concerted effort of
ultiple factors with region-specific functions. We demon-
trate here that Gas1 is an additional genetic component of
PE maintenance. The Gas1 mutant phenotype is unique
n that no pigmented cells ever develop in the entire ventral
PE domain. In addition, its function is required as early as
10.5. Intriguingly, while Gas1 operates in a domain-
specific manner, it does not display a domain-specific
expression.
Gas1 is also expressed generally in the extraocular mes-
enchyme. Thus, it is possible that the mutant mesenchyme
is compromised in providing the RPE-specification signal
(Stroeva, 1960; Buse and de Groot, 1991; Fuhrmann et al.,
2000). At present, we cannot distinguish whether Gas1 acts
in the mesenchyme, the RPE, or both. If Gas1 acts in the
mesenchyme only, one would predict that only the ventral
i, Tyrp2, and NR marker Math5 were used to monitor the change
dorsal and ventral domains of the optic vesicle in the control (A)
e dorsal domain of the optic vesicle in both control (B) and Gas1
sumptive RPE in the control eye at E10.5. However, the expression
region, but downregulated in the ventral RPE region of the Gas1
th dorsal and ventral RPE in the control eye. (E9) Tyrp2 is expressed
E. Note that there are two domains marked 1 and 2 in the ventral
as less expression than domain 1 which is further away from the
) Math5 is detected in the central NR, but not in the ectopic outer
ted in the majority of NR of the control eyes. In addition to the
uter NR at E12.5 (G9) and E14.5 (H9) mutant eyes. However there
not shown). Note that pigmentation of the RPE gives false signal
R. Histology and in situ hybridization of Pax6 and Shh were used
rse sections of control (A) and Gas1 mutant (A9 and A0) eyes show
anglion cells (gc) in the inner and outer layers (gc-o, outer ganglion
nr, neural retina. Each layer is indicated by a bracket. (A0), 23
A. In A9 and A0, * indicates the layer of pale bluish-green staining
-o layer is thinner and gc-o cells are slightly smaller than the inner
is expressed at a higher level in the ganglion cells of control eye.
h contains ganglion cells (gc-o). (C, C9) Control and mutant eyes
in the inner and outer NR. Note that the pigmentation of the RPEers M
both
in th
e pre
l RPE
in bo
al RP
ine h
. (F9
detec
pic o
ion (
al N
ansve
otic g
m;
ls in
he gc
Pax6
whic
ellss of reproduction in any form reserved.
26 Lee, May, and FanCopyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
Rs
t
i
v
p
t
t
s
p
W
o
s
i
fi
t
e
se si
27Transdifferentiation of the Ventral RPEmesenchyme is compromised in its signaling property in
the mutant. Since Gas1 is a membrane-anchored protein
and suppresses proliferation cell-autonomously in vitro, we
favor the possibility that it at least acts within the RPE.
Although it is tempting to speculate that the GPI-
anchored GAS1 may act on the cell surface to help mini-
mize the NR-inducing activity of FGFs (Pittack et al., 1997;
Hyer et al., 1998; Vogel-Kopker, 2000) or augment the
RPE-inducing activity of activin-related factor(s) (Fuhr-
mann et al., 2000), neither of these factors is known to
display a ventral-specific function, as Gas1 does. If Gas1
participates in these pathways, it may play only a late
modulatory role because it is not required for the initial
patterning. In contrast, RA can induce ventral-specific
overgrowth of the retina and cause ventral displacement of
the RPE by NR in the fish (Hyatt et al., 1992). RA’s
ventral-specific growth function is also supported by the
fact that the ventral retinas are smaller in the RXRa,
XRa/RARa, and RXRa/RARg mutants (Kastner et al.,
1994, 1997). Whether Gas1 interacts with the RA pathway
FIG. 7. Ventral ectopic NR has a ventral identity. In situ hybridiz
eyes. At E10.5 and E12.5, Tbx5 transcripts are detected in the dorsa
expression is present in the dorsal NR and ganglion cells of the c
detected in the ventral derivatives of the control (D) and Gas1 mu
ventral half of the normal NR of the control (E, F) and Gas1 mutan
F9) of the mutant. Note that the pigmentation of the RPE gives falin regulating growth remains to be determined. i
Copyright © 2001 by Academic Press. All rightDorsoventral Polarity of the RPE and the NR
The affected RPE region in the Gas1 mutant eventually
acquires a ventral NR identity as indicated by Vax2 expres-
ion (Fig. 7D9). At least two possible mechanisms can lead
o this outcome. First, the ectopic NR adopts ventral
dentity because it is situated in the region where the NR
entralizing signal(s) operates. Second, the dorsoventral
olarity of both the NR and the RPE is established early and
he ventral RPE, when transformed into NR, simply main-
ains this polarity. Whatever it may be, our data clearly
upport a model in which the RPE is governed by distinct
rograms along the dorsoventral axis, much like the NR is.
hile the establishment of NR’s polarity is necessary for
rdered retinal-tectum projection, the significance of dor-
oventral differences within the RPE is less clear. One
ntriguing possibility is that the RPE polarity is established
rst and it in turn directs the NR polarity. Alternatively,
he RPE may be polarized under the same molecular influ-
nces as the NR, which would insure that during an
of Tbx5 and Vax2 on coronal sections of control and Gas1 mutant
of the control (A, B) and Gas1 mutant eyes (A9, B9). At E14.5, Tbx5
ol (C) and Gas1 mutant eyes (C9). At E10.5, Vax2 transcripts are
eyes (D9). At E12.5 and E14.5, in addition to the expression in the
s (E9, F9), Vax2 is also detected in the ventral ectopic outer NR (E9,
gnal under dark field. Scale bars: 100 mm.ation
l NR
ontr
tant
t eyenjury-induced RPE to NR transdifferentiation process
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28 Lee, May, and Fan(Coulombre and Coulombre, 1965), the subjacent RPE cells
replacing the damaged NR possess the correct positional
information. However, this repair process has not yet been
shown to occur in the mouse.
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